A remarkable property of quantum mechanics in two-dimensional (2D) space is its ability to support "anyons," particles that are neither fermions nor bosons.
Theory predicts that these exotic excitations can be realized as bound states confined near topological defects, like Majorana zero modes trapped in vortices in topological superconductors. Intriguingly, in the simplest cases the nontrivial phase that arises when such defects are "braided" around one another is not intrinsically quantum mechanical; rather, it can be viewed as a manifestation of the geometric (Pancharatnam-Berry) phase in wave mechanics, enabling the simulation of such phenomena in classical systems. Here we report the first experimental measurement in any system, quantum or classical, of the geometric phase due to such a braiding process. These measure- Quantum particles were long thought to fall into one of two classes: fermions or bosons. The two classes are distinguished by the effect on the many-particle wavefunction of exchanging any pair of such particles: for fermions, the wavefunction acquires a minus sign, whereas for bosons it does not. It was later understood (1) that, while these are indeed the only two possibilities in three or more spatial dimensions, the 2D case admits a remarkable generalization of the concept of bosons and fermions known as anyons (2, 3) . Mathematically, it is useful to think of anyons in (2+1)-dimensional spacetime, where their exchanges are viewed as "braids" (4-6) in which the particles' worldlines are wound around one another. In general, exchanging two anyons (i.e. performing a single braid) can yield any phase between 0 (bosons) and π (fermions) (1) . Even more strikingly, in certain scenarios the phase acquired after performing a series of exchanges can depend on the order in which the exchanges occurred (4, 5) . Aside from its fundamental scientific importance, this "non-Abelian" braiding of anyons has attracted substantial interest in the condensed matter physics and quantum information communities as it can be used as a basis for robust quantum information processing (6) (7) (8) .
Anyons have been theoretically predicted to arise in a variety of topological phases of matter, for example in fractional quantum Hall systems (9, 10) , where they can exist as deconfined quasiparticle excitations, and in topological superconductors, where Majorana bound states nucleate at topological defects such as domain walls and vortices. Despite substantial effort and progress (11) (12) (13) (14) (15) (16) , as of yet there has been no conclusive experimental evidence of anyonic braiding, Abelian or non-Abelian.
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Perhaps counterintuitively, the non-Abelian phases acquired upon braiding Majorana bound states in superconductors can be understood from the viewpoint of noninteracting particles, wherein the single-particle Schrödinger equation describes particles as waves. In this picture, the braiding phases are geometric phases (17) (18) (19) arising from the the adiabatic variation of the phase texture of the bound-state wavefunctions as the vortices are wound around one another (20) . Therefore, non-Abelian braiding in its simplest incarnation can be viewed as a universal wave phenomenon accessible beyond electronic systems. This implies that it can be realized experimentally in the context of photonics, where a wide range of topological phenomena have been predicted and observed recently (21) (22) (23) (24) (25) . In fact, non-Abelian gauge fields have recently been observed in a photonic device (26) , hinting at the possibility of photonic braiding.
In general, photonic topological devices (as well as those in other bosonic systems) are expected to have entirely complementary applications to their condensed matter analogues.
In this paper we report on the first measurement of the geometric phase arising from braiding topological defects in an array of photonic waveguides, fabricated using the femtosecond direct laser-writing technique (27, 28) . Following the theoretical proposal of Ref. (29) , we realize topological defects as vortices in a vector field that encodes the displacements of each waveguide in the array. The vortices realized in our experiment bind localized topological modes whose single-particle wavefunctions are identical to those of Majorana bound states in a 2D topological superconductor.
1 Consequently, at the noninteracting level the effect of braiding these vortices is the same as what is expected for Majorana bound states. We experimentally realize such vortices in the waveguide array and measure the effect of braiding one such vortex with a second that resides outside the array at an effectively infinite distance from the first. In order to eliminate the effect of dynamical phases, a 180
• braiding operation is performed in two adjacent arrays, each with a vortex at its center. If the sense of rotation of the two arrays is the same (opposite), the relative phase at the core is found to be 0 (π). This observation matches the theoretically predicted geometric phase, providing a clear signature of braiding.
We arrange the waveguides in a near-honeycomb lattice, with each waveguide displaced from its honeycomb position r = (x, y) by an r-and z-dependent amount u r (z). The diffraction of light through this waveguide array is governed by the paraxial wave equation
where ψ(r, z) is the envelope function of the electric field E(r, z) = ψ(r, z)e i(k 0 z−ωt)x , k 0 = 2πn 0 /λ is the wavenumber within the medium, λ is the wavelength of light, ∇ 2 r is the Laplacian in the transverse (x, y) plane, and ω = 2πc/λ. Here n 0 is the refractive index of the ambient glass and ∆n is the refractive index relative to n 0 , which acts as the potential in Eq. (1). Since the displacements are small compared to the lattice spacing a (|u| ≤ .25a) and vary slowly in the z-direction, the propagation of light through the waveguide array can also be described by a coupled-mode (i.e. tight-binding) equation:
where c r (z) denotes the amplitude of light in waveguide r, and the z-dependent hopping modification δt r,r arises from the change in waveguide separation due to the displacements u r , u r .
Identical to electrons in graphene, the two sublattices of the honeycomb lattice give rise to two energy bands in the spectrum, which touch at two gapless "Dirac" points at crystal momenta
As shown in Fig. 1 , we choose the displacements u r = (u 
signifying that light trapped in the vortex mode gains a geometric phase of π (i.e. a minus sign) after a full 2π braid.
The double-valued form of the wavefunction is reminiscent of Majorana wavefunctions at vortices in p + ip superconductors (20, 35) or at superconductor-TI interfaces (36) . Indeed, due to this double-valuedness, the photonic zero modes in our system will gain the same nonAbelian geometric phases as Majorana zero modes in solid state systems upon braiding (29) .
Crucially, this phase is gained by the bosonic wavefunction describing photons in our systemnot the Majorana wavefunction describing electrons in a superconductor-leading to a distinct, reduced class of operations realizable via braiding (29) .
In this work, we provide a robust verification of the geometric phase π gained by the photonic vortex modes under a 2π rotation of the order parameter α. In Fig. 2 , we show the experimental output of a waveguide array containing only these first 7 two stages. As expected, a high fraction of the light is localized near each vortex core, indicating that the initialization stage succeeded and the braiding process was performed sufficiently adiabatically. We also observe a nonzero intensity in nearly all waveguides of both lattices, indicating that light not bound to the vortex modes has diffracted throughout each lattice.
To detect the phase of the vortex mode light after braiding, we add a third, interferometric stage to the waveguide array (38) , depicted in Fig. 1(A) . The left and right lattices are abruptly Fig. 3(A) , the experimentally observed contrast is indeed near 1 when braiding is performed in the same direction for both lattices, and is close to zero (the lower bound for symmetric intensities, I L = I R ) when it is performed in opposite directions.
We verify that this phase difference arises as a geometric, rather than a dynamical, phase by demonstrating that the interference is insensitive to the wavelength of light used. The wavelength sets the 'time' scale in the paraxial equation, Eq. (2), so that different-wavelength light acquires different dynamical phases during propagation (39) . If the relative phase between the left and right waveguides arose as a dynamical phase, we would expect it to oscillate as the wavelength of light was varied rather than being quantized at π. Instead, as shown in This indicates that the relative phase is fixed to π and supports its identification as a geometric phase.
In conclusion, we have used a photonic lattice of evanescently-coupled waveguides to directly measure the braiding of vortices. The π phase that we observe here directly implies that non-Abelian braiding operations can be carried out using similar ideas in this and many other platforms that are governed by classical wave equations. We expect this work to motivate the 
